Hypolite JA, Lei Q, Chang S, Zderic SA, Butler S, Wein AJ, Malykhina AP, Chacko S. Spontaneous and evoked contractions are regulated by PKC-mediated signaling in detrusor smooth muscle: involvement of BK channels. Am J Physiol Renal Physiol 304: F451-F462, 2013. First published December 26, 2012 doi:10.1152/ajprenal.00639.2011.-Protein kinase C (PKC) and large conductance Ca 2ϩ -activated potassium channels (BK) are downregulated in the detrusor smooth muscle (DSM) in partial bladder outlet obstruction (PBOO). DSM from these bladders display increased spontaneous activity. This study examines the involvement of PKC in the regulation of spontaneous and evoked DSM contractions and whether pharmacologic inhibition of PKC in normal DSM contributes to increased detrusor excitability. Results indicate the PKC inhibitor bisindolylmaleimide 1 (Bim-1) prevented a decline in the amplitude of spontaneous DSM contractions over time in vitro, and these contractions persist in the presence of tetrodotoxin. Bim-1 also reduced the basal DSM tone, and the ability to maintain force in response to electrical field stimulation, but did not affect maximum contraction. The PKC activator phorbol-12,13-dibutyrate (PDBu) significantly reduced the amplitude and increased the frequency of spontaneous contractions at low concentrations (10 nM), while causing an increase in force at higher concentrations (1 M). Preincubation of DSM strips with iberiotoxin prevented the inhibition of spontaneous contractions by PDBu. The BK channel openers isopimaric acid and NS1619 reduced the Bim-1-induced enhancement of spontaneous contractions in DSM strips. Our data suggest that PKC has a biphasic activation profile in the DSM and that it may play an important role in maintaining the quiescent state of the normal bladder during storage through the effects on BK channel, while helping to maintain force required for bladder emptying. The data also suggest that PKC dysfunction, as seen in PBOO, contributes to detrusor overactivity.
2ϩ -activated potassium channels (BK) are downregulated in the detrusor smooth muscle (DSM) in partial bladder outlet obstruction (PBOO). DSM from these bladders display increased spontaneous activity. This study examines the involvement of PKC in the regulation of spontaneous and evoked DSM contractions and whether pharmacologic inhibition of PKC in normal DSM contributes to increased detrusor excitability. Results indicate the PKC inhibitor bisindolylmaleimide 1 (Bim-1) prevented a decline in the amplitude of spontaneous DSM contractions over time in vitro, and these contractions persist in the presence of tetrodotoxin. Bim-1 also reduced the basal DSM tone, and the ability to maintain force in response to electrical field stimulation, but did not affect maximum contraction. The PKC activator phorbol-12,13-dibutyrate (PDBu) significantly reduced the amplitude and increased the frequency of spontaneous contractions at low concentrations (10 nM), while causing an increase in force at higher concentrations (1 M). Preincubation of DSM strips with iberiotoxin prevented the inhibition of spontaneous contractions by PDBu. The BK channel openers isopimaric acid and NS1619 reduced the Bim-1-induced enhancement of spontaneous contractions in DSM strips. Our data suggest that PKC has a biphasic activation profile in the DSM and that it may play an important role in maintaining the quiescent state of the normal bladder during storage through the effects on BK channel, while helping to maintain force required for bladder emptying. The data also suggest that PKC dysfunction, as seen in PBOO, contributes to detrusor overactivity.
protein kinase C; bladder; BK channel; spontaneous contractions THE NORMAL BLADDER SMOOTH muscle displays relatively little spontaneous and nonvoiding contractions (NVC) compared with animal models of partial bladder outlet obstruction (PBOO) and patients with benign prostatic hyperplasia (BPH)-induced PBOO (5, 15, 16) . Detrusor smooth muscle (DSM) strips from PBOO bladders show smooth muscle hypertrophy and remodeling with alteration in the signal transduction pathways that regulate force generation by DSM (5, 17) . More recent studies have shown that, along with an increase in mass, changes in regulatory proteins such as protein kinase C (PKC) and large conductance Ca 2ϩ -activated potassium channels (BK) are increasingly being linked to this PBOO-associated altered phenotype. Both PKC and BK channels are downregulated in PBOO in rabbits, rats, and patients with BPH (5, 6, 17) . The downregulation of BK channels has been linked to higher levels of myosin light chain phosphorylation, which is believed to play a role in detrusor overactivity (DO), and NVC associated with PBOO (5) .
There is increasing evidence that BK channels are involved in the regulation of smooth muscle excitability in general and DSM in particular (5, 20, 21) . The BK channels limit smooth muscle excitability by the negative feedback regulation of intracellular calcium levels, thus maintaining the DSM in a relatively quiet state under normal resting conditions (5, 9, 10, 14) . BK channel knockout mice show increased detrusor contractility, increased bladder pressure, and urine leakage, providing further evidence that loss of BK channel function is involved in DO (25) . Furthermore, PBOO in rats (13) , rabbits, and patients with BPH are all associated with downregulation of BK channels (5) and increased DO, characterized by an increase in spontaneous and NVC. These studies lend further credence to the idea that BK channels play a vital role in regulating DSM excitability and thus may influence the development of spontaneous and NVC contractions under pathological conditions.
PKC is an 80-kDa protein that is also involved in the regulation of smooth muscle tone and force maintenance (11, 19, 26) . Recent evidence suggests that PKC can regulate the sensitivity of BK channels for calcium and other substrates in smooth muscle and nonmuscle cells (3, 28) . The ability of PKC to regulate the sensitivity of BK channels could have important implications for bladder function. A recent report indicates that PKC can phosphorylate-specific serine residues on the BK ␣-and ␤-subunits. When the serine residues were substituted for alanine, phosphorylation did not occur leading to a loss of function (28) . This study provides strong evidence of a PKC-BK channel interaction at the molecular and functional level. A link between PKC and spontaneous contractions has also been suggested in studies by Ozaki et al. (19) . These investigators report that low levels of spontaneous oscillatory activity in the pregnant myometrium are associated with increased levels of PKC, compared with the nonpregnant myometrium, which shows much higher levels of spontaneous contractions and lower PKC levels (19) . The possibility that PKC may regulate BK channels in DSM suggests that PKC dysfunction, like that of BK channels, may also contribute to DO. PKC also plays an important role in the generation of myogenic tone in rabbit basilar artery (27) and ferret coronary artery (7) .
In the present study, we utilized pharmacologic inhibition of PKC in normal DSM strips to determine if modulation of PKC-mediated regulation mimics spontaneous contractions seen in the PBOO-associated alteration in PKC and BK channel function. We examined the hypothesis that PKC may play an important role in DSM excitability by regulating the activity of BK channels. Our results indicate that inhibition of PKC results in a prolonged period of spontaneous contractions and that low level activation of PKC by phorbol-12,13-dibutyrate (PDBu) can suppress spontaneous bladder contractions. Our results also indicate, for the first time, that PKC has a biphasic activation profile in DSM, inhibiting spontaneous contractions at low activation, while increasing basal muscle tone at higher concentrations. Inhibition of PKC resulted in a reduced ability to maintain force in response to electrical field stimulation (EFS). Finally, we demonstrate that inhibition of BK channels by iberiotoxin (IBTX) prevents PDBu-induced inhibition of spontaneous contractions, while the BK channel openers NS1619 and isopimaric acid (ISPA) could inhibit bisindolylmaleimide-1 (Bim-1) prolonged spontaneous contractions in isolated muscle strips. We conclude that PKC may be able to modulate the sensitivity of DSM through its effect on BK channels and that PKC dysfunction due to pharmacologic inhibition in normal DSM strips mimics PBOO-associated PKC and BK channel downregulation seen in PBOO.
MATERIALS AND METHODS
Organ bath studies of detrusor spontaneous contractions. All animal experimental protocols were approved by the University of Pennsylvania Institutional Animal Care Use Committee. Male New Zealand white rabbits were anesthetized with ketamine/xylazine (25 mg/10 mg im). Anesthesia was maintained with pentobarbital (25 mg/kg iv), and the bladders were removed and placed into Tyrode's buffer (124.9 mM NaCl, 2.5 mM KCl, 23.8 mM NaHCO 3, 0.5 mM MgCl 2, 0.4 mM NaH2PO4, 1.8 mM CaCl2, and 5.5 mM dextrose). Longitudinal DSM strips (ϳ50 mg) were placed in organ baths containing 15 ml Tyrode's buffer equilibrated with 95% O 2-5% CO2. One end of the strip was attached to a glass rod at the bottom of the organ chamber (Radnoti) while the other end was attached to a force displacement transducer connected to an AD Instruments power-lab and computerized system (Colorado Springs, CO). After a 1-h equilibration, the length of optimal force development (L0) was determined by increasing the length of each strip by 1.5-mm increments until maximal contractile force to EFS (80 V; 1 ms; 32 Hz) was achieved (Fig. 1) . The muscle strips were allowed to equilibrate a further 30 min, in fresh Tyrode's buffer to stabilize at L0 before recording spontaneous contractions.
Drugs. Once the spontaneous contractions achieved a stable baseline, the muscle strips were treated with several drugs to study their effects on spontaneous activity. Muscle strips were treated with the following drugs acquired from Sigma Chemicals: PDBu, IBTX, tetrodotoxin (TTX), ISPA, and NS1619. Bim-1 was acquired from Calbiochem (St. Louis, MO). Both Bim-1 (14 nM), a specific PKC inhibitor, and IBTX (1 M), a specific BK channel inhibitor, were added to individual muscle strips to determine their effects on spontaneous contractions, which were recorded over a period of 8 -10 h. The PKC activator PDBu (10 nM) was added to untreated muscle strips and to muscle strips pretreated with Bim-1 (14 nM) and IBTX to determine its effect on spontaneous contractions with and without the inhibitors. Muscle strips were treated with Bim-1 and IBTX, inhibitors of PKC, and BK channels, respectively, to determine their effects on spontaneous contractions. At or close to maximal amplitude, the muscle strips were then treated with the BK channel openers ISPA (50 M), and NS1619 (50 M), or PDBu to determine their ability to reverse these spontaneous contractions. Untreated muscle strips served as controls. The data from the organ baths were recorded and analyzed on AD Instruments computerized, analysis program.
Average cycle minimum and integral force. The average cycle minimum (ACM) is the trough or low point between each spontaneous contraction cycle measured in grams of tension. When measured in series over time, the ACM is a measure of the basal smooth muscle tone. The integral force is the area under the time force curve that encompasses the rising and falling phases of the contraction cycle in response to stimulation and is a measure of the ability to maintain A: representative example of a length-tension curve performed before each experiment to optimize muscle length. Detrusor smooth muscle (DSM) strips weighing ϳ50 mg (3 ϫ 8 mm) were stretched in small increments (ϳ1.5 mm) sequentially to avoid muscle damage and stimulated with electrical field stimulation (EFS; 80 V, 32 hz, 1-ms duration) until maximum contraction was achieved. The stretch and stimulus cycles were repeated until there was no further increase in force to EFS at which time the muscle strip was determined to be at its optimal length or optimal length (L0). B: summary data from 9 separate experiments for force generation in response to EFS. The average maximum contraction at L0 was 6.2 Ϯ 0.24 g force.
force that is required for bladder emptying. We utilized the AD Instruments software analysis tool to calculate both the ACM and the integral force in evaluating changes in basal smooth muscle tone, and force maintenance respectively. Statistical analysis. All data are expressed as the means Ϯ SE and analyzed by one-way ANOVA. P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Representative length tension curve. L 0 is the optimal length for muscle contraction in smooth muscle at which point maximum contraction is achieved in response to stimulation. Figure 1A shows a representative length-tension curve in which the DSM strip has been stretched to its optimal length, L 0 , after a series of sequential stretches and stimulations by EFS. This procedure helps to normalize and optimize the length of each muscle strip for maximum contraction and ensures that differences in contraction are not due to random differences in muscle length. It also helps to ensure that muscle strips are not damaged during stretch since the force at L 0 is either equal to or slightly greater than the previous contraction. Figure 1B shows the summary data showing the average maximum contraction in response to EFS at L 0 was 6.2 Ϯ 0.24 g tension, which is slightly greater than the prior contraction (n ϭ 8). This procedure was performed before all physiological experiments.
Effect of Bim-1 and TTX in normal muscle strips. Normal DSM shows spontaneous contractions in vitro. These contractions may play important role in modulating DSM tone during bladder filling in vivo; however, when amplified in frequency and/or magnitude, they may contribute to pathologic changes such as that seen in DO. Figure 2A is a representative untreated control muscle strip showing spontaneous contractions. The amplitude of the contractions increases and then declined significantly over the duration of the recording, while the frequency increased correspondingly compared with time zero. Table 1 (control) shows that at 8 h the frequency of contractions increased to 170% of the value measured at the beginning of the recording (time zero), while the amplitude decreased to 17% of that measured at time zero. To determine whether or not the decline in the amplitude of spontaneous contractions in the control was due to a decline in smooth muscle potency, we measured the contractility at the end of 7 h in response to EFS (Fig. 2E ). These muscle strips were able to generate a force of 80 Ϯ 10% compared with the beginning of the recording that was not significant (P ϭ 0.12). Figure 2B shows the effect of Bim-1, and Fig. 2C shows the effect of Bim-1 in the presence of TTX on spontaneous contractions. Note that the amplitude of spontaneous contractions in these recordings is maintained at a high level throughout, compared with that in Fig. 2A , and as shown in the expanded scale (Fig. 2D) . Table 1 shows that in the presence of Bim-1 alone, the frequency at 8 h is 106% of that at the beginning (zero time), which was not significant, but the amplitude had increased to 131%, which was significant (P Ͻ 0.05). Figure 2C shows the effect of Bim-1 in the presence of TTX. Again, Table 1 reveals no significant change in frequency at 8 h, compared with time zero (109%); however, amplitude increased to 123%, which was barely significant (P ϭ 0.048). The data reveal that at 8 h, in the presence of Bim-1, the amplitude of spontaneous contractions is maintained at a significantly higher level compared with time zero, and compared with control at 8 h, and TTX did not have a significant effect on this response ( Table 1 ). The data also show that there was no significant difference in the frequency at 8 h for Bim-1, and Bim-1 plus TTX compared with time zero (106 and 109%, respectively); however, both of these were significantly different from control (170%) at 8 h. Under normal conditions, the regulation of these contractions may play an important role in modulating and maintaining a dynamic DSM tone that is consistent with normal bladder functioning, whereas deregulation may lead to bladder dysfunction. Bim-1 (14 nM) was added at 80 min (B) and tetrodotoxin (TTX; C; 1.0 M) was added at 60 min to show any effect on the frequency and amplitude of spontaneous contractions in the isolated muscle strips. D: expanded representation of the recordings in Fig. 2 , A-C, at 7 h. E: summary data for control showing that the control muscle strip ( Fig. 2A ) in which there is a significant decrease in the amplitude of spontaneous contractions, can still generate an average of 80 Ϯ 10% force in response to EFS at 7 h (P ϭ 0.12; n ϭ 6), which was not significant, compared with the beginning of the recording (1 h). Figure 3 , A-C, represents an expanded view between 5 and 7 h taken from Fig. 2 . To determine whether or not the decline in the amplitude of spontaneous contractions over time in control untreated muscle strips was due to changes in basal tone, we evaluated the ACM which is a measure of basal smooth muscle tone. show expanded representative recordings of isolated muscle strips between 5 and 7 h when the decline in the amplitude of spontaneous contractions in the control (Fig. 3A) is greatest. In these experiments, we calculated the ACM to determine if there were any changes in basal smooth muscle tone during the period from 5 to 7 h. Figure 3D shows the summary data for 5 and 7 h, since the compressed data over many hours tends to distort the amount of shift that is actually occurring in the average cycle minimum (ACM; basal tone). For these recordings, we calculated the ACM from 5 to 7 h to determine if there was a significant shift in basal smooth muscle tone during this period. D: summary data for the ACM measured over time. Summary data in D show no significant change in the ACM in grams of tension from beginning (5 h) to end (7 h) for control (A), Bim-1-treated (B), and Bim-1-treated plus TTX (C) over the 2-h duration of the measurement (n ϭ 6; P ϭ 0.059). However, Bim-1 (B) caused a significant decrease in the ACM to 0.05 Ϯ 0.008 g tension compared with control, 1 Ϯ 0.11 g tension (n ϭ 6; P Ͻ 0.05). Bim-1 plus TTX (C) reversed that inhibition to 0.31 Ϯ 0.04, which was significantly different from Bim-1 alone and control (*P Ͻ 0.05, significantly different from control; # P Ͻ 0.05, significantly different from Bim-1; n ϭ 6). Values represent means Ϯ SE. Summary of the data for the frequency (F) and amplitude (A), as a percentage of the initial F and A at time 0 (100%), of spontaneous contractions recorded over 10 h for control, and of muscle strips in the presence of bisindolylmaleimide 1 (Bim-1) alone and Bim-1 plus tetrodotoxin (TTX). Note the significant decline in A and increase in F of the control at 8 h compared with Bim-1 and Bim-1 plus TTX. Bim-1 and Bim-1 plus TTX maintained a high A of spontaneous contractions throughout the period of the recording, 131 and 123%, respectively, at 8 h, compared with control of only 17% of that recorded at time 0. Whereas the F increased significantly in control to 170% at 8 h compared with time 0, there was no significant change for Bim-1 and Bim-1 plus TTX (106 and 109%, respectively) compared to time 0. The A of spontaneous contractions for control at 8 h (17%) was also significantly different from Bim-1 (131%) and Bim-1 plus TTX (123%) at 8 h. This was also true for F at 8 h where the control was 170% and Bim-1 and Bim-1 plus TTX were 106 and 109%, respectively. There was no significant change in the F at 8 h for Bim-1 and Bim-1 plus TTX compared to time 0; however, changes in A were just barely significant. Data also indicate that TTX did not affect the ability of Bim-1 to maintain a high level of spontaneous contraction. Data represent the summary of 6 separate experiments (n ϭ 6). *P Ͻ 0.05, significantly different from control; †P Ͻ 0.05, significantly different from initial measurement at time 0. the ACM measured over the time period. The summary data in Fig. 3D show no significant change in the ACM, in grams of tension, for control (Fig. 3A) , Bim-1-treated (Fig. 3B) , and Bim-1-treated plus TTX (Fig. 3C ) over the 2-h duration of the measurement. This indicates that the basal tone did not change significantly, over this time period, for all three recordings, even as the amplitude of spontaneous contractions declined significantly for the control. However, Bim-1 (Fig. 3B) caused a significant decrease in the ACM to 0.05 Ϯ 0.008 g tension compared with control ( Fig. 3A) with an ACM of 1 Ϯ 0.11, while Bim-1 plus TTX (Fig. 3C) reversed that inhibition to 0.31 Ϯ 0.04, which was significantly different from control, and Bim-1-treated muscle strips (n ϭ 6; P Ͻ 0.05). The partial recovery by Bim-1 plus TTX suggests possible neuronal involvement in mediating DSM basal tone.
In vitro organ bath studies showing the effect of Bim-1, and Bim-1 plus TTX between 5 and 7 h.
Effect of the PKC inhibitor Bim-1 on EFS-evoked contraction. While the regulation of spontaneous contractions may play a role in modulating DSM tone during bladder storage, active force generation and the ability to maintain force are required for bladder emptying. We evaluated the effect of Bim-1 on the ability of DSM to generate and maintain force in response to EFS. EFS works by releasing neurotransmitters from nerve terminals that bind receptors on the smooth muscle leading to contraction. Figure 4A shows the maximum response to EFS in the absence of Bim-1, while Fig. 4B shows the maximum response to EFS after 1-h preincubation with Bim-1. The ability of the bladder to empty requires rapid force generation of sufficient magnitude and the ability to maintain that force long enough to ensure complete bladder emptying. The recording in Fig. 4B illustrates that inhibition of PKC by Bim-1 resulted in a significantly reduced ability to maintain force, as measured by the integral force (area under the time force curve), as shown in Fig. 4C , compared with control. Figure 4C shows the summary data revealing that Bim-1 caused a 50 Ϯ 5.5% decrease in the area under the curve compared with control (P Ͻ 0.05; n ϭ 6). Maximum force generation in the presence of Bim-1 was 95 Ϯ 8.5%, which was not significantly different from control (P ϭ 0.068; n ϭ 6). The data indicate that Bim-1 had a significant inhibitory effect on the ability to maintain force (integral force) but did not affect peak force generation.
Concentration-dependent activation of PKC with PDBu. PKC has been reported to have opposing actions in the intestinal epithelia (23) . To evaluate whether or not this phenomenon exists in DSM, we studied PKC activation by PDBu at low (10 nM) and high (1 M) concentrations. Figure 5 demonstrates that PKC activation by PDBu shows a concentrationdependent, biphasic activation profile in DSM. Figure 5A shows a control muscle strip in the absence of stimulation. Figure 5B shows the effect of 10 nM PDBu on spontaneous contraction, and Fig. 5C shows the effect of 1.0 M PDBu on basal smooth muscle tone (arrows). PDBu (10 nM) caused a remarkable decrease in spontaneous contractions of the DSM strips (Fig. 5B) . Figure 5C shows the effect of a high concentration of PDBu (1.0 M) on basal tone. The summary data in Fig. 5D revealed that PDBu (10 nM) resulted in a 73 Ϯ 10.9% decrease in amplitude and a 34 Ϯ 8.4% increase in frequency of spontaneous contractions (P Ͻ 0.05; n ϭ 6). Figure 5E revealed that at a high concentration PDBu (1.0 M) caused a 200 Ϯ 34.7% increase in basal tone from baseline, which was highly significant (P ϭ 0.025; n ϭ 9). In B the muscle strip was first preincubated with Bim-1 (14 nM) for 1 h before stimulation with EFS. Summary data in C show the integral force (area under the time force curve) as a measure of force maintenance and the peak force generation in the presence and absence of Bim-1. Data reveal that Bim-1 caused a 50 Ϯ 5.5% decrease in the integral compared with control (P Ͻ 0.05; n ϭ 6). The maximum force generation in the presence of Bim-1 was 95 Ϯ 8.5%, which was not significantly different from control (P ϭ 0.068).
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Effect of PDBu in the presence of TTX.
PKC has been shown to be able to regulate neuronal activity (1) . To determine whether the inhibitory effect of PDBu (10 nM) on spontaneous contractions is influenced by neuronal involvement, isolated muscle strips were preincubated with the neurotoxin, TTX (1.0 M), for 1 h. Both muscle strips in Fig. 6A and Fig. 6B were preincubated with TTX for 1 h. Figure 6A serves as a control (without PDBu stimulation). Figure 6 , A and B, shows that spontaneous contractions persist in the presence of TTX; however, these contractions are decreased upon exposure to PDBu (Fig. 6B, arrow) . Figure 6C shows the summary data revealing that PDBu caused a 63.2 Ϯ 7.9% decrease in amplitude and a 37.5 Ϯ 6.1% increase in frequency of spontaneous contractions, indicating that TTX did not affect the ability of PDBu to inhibit spontaneous contractions. Both the change in frequency and amplitude upon addition of PDBu were significantly different from control ( Fig. 6A ; P ϭ 0.047; n ϭ 6).
Effect of PDBu with and without Bim-1 on spontaneous contractions. Bim-1 is a competitive inhibitor of PKC and should block the inhibitory effect of low PDBu (10 nM) stimulation on spontaneous contractions. Figure 7A is a control muscle strip without Bim-1 preincubation, while in Fig. 7B the strip has been pretreated with Bim-1(14 nM). Both muscle strips were subsequently treated with PDBu (10 nM) as indicated by the arrows. As can be seen, the control strip without Bim-1 (Fig. 7A ) produced a prolonged inhibition in response to PDBu, while the experimental strip ( Fig. 7B) with Bim-1 caused a transient inhibition, followed by an extended recovery of the spontaneous contractile activity. Figure 7C shows the summary data indicating that PDBu without Bim-1 caused a 49 Ϯ 14% increase in the frequency of spontaneous contractions and a 76 Ϯ 9.4% decrease in the amplitude, which were both significantly different from control (P Ͻ 0.05; n ϭ 6). In the presence of Bim-1 preincubation (Fig. 7B ), PDBu caused a transient decrease in tone followed by a net, extended recovery in amplitude over time to 123 Ϯ 9.9% and a decrease in frequency to 87 Ϯ 9.3% of initial levels before addition of PDBu, which were not significantly different (P Ͼ 0.05; n ϭ 6). These data indicate that beyond the initial competitive inhibition upon addition of PDBu in Fig. 7B , the inhibitory effect of PDBu (10 nM) is specific and can ultimately be blocked by the specific PKC inhibitor Bim-1.
Effect of preincubation with IBTX on PDBu-induced inhibition of spontaneous contractions. PKC has been reported to be able to regulate BK channels in vascular smooth muscle (28) . To investigate whether or not PDBu-induced inhibition of spontaneous contractions was mediated through its effect on BK channels, we preincubated DSM strips with the BK channel inhibitor IBTX (1 M) for 45 min before addition of PDBu (10 nM). Figure 8A shows the control muscle strip without any stimulation. The muscle strip in Fig. 8B was treated with 10 nM PDBu as indicated by the arrow. In Fig. 8C , the muscle strip was first preincubated with IBTX for 45 min before addition of 10 nM PDBu (arrow). Figure 8D shows the summary data for the effect of PDBu on frequency and amplitude with and without IBTX. PDBu, in the absence of IBTX, resulted an increase in frequency to 148 Ϯ 21.4% (P Ͻ 0.05; n ϭ 6) and a decrease in amplitude to 25 Ϯ 3.9% (P Ͻ 0.05; 9% decline in the amplitude of phasic contractions compared with the control (*P Ͻ 0.05, significantly different from control; n ϭ 6) PDBu also caused a 37.5 Ϯ 6.1% increase in the frequency of spontaneous contractions, which was significant (P ϭ 0.047; n ϭ 6). Note that TTX did not prevent inhibition of spontaneous contractions by PDBu. Fig. 7 . Effect of PDBu with and without Bim-1 in DSM strips. A: effect of 10 nM PDBu on spontaneous contractions in muscle strips without Bim-1 preincubation. Arrows indicate the addition of PDBu. In B, the muscle strips were first preincubated with 14 nM Bim-1 for 1 h and then PDBu (10 nM) was administered (arrow). C: summary data for the effect of PDBu on frequency and amplitude with and without Bim-1, measured over the duration of the recording.
The control values for frequency and amplitude represent those values analyzed 30 min before addition of PDBu for each muscle strip and were set at 100%. PDBu without Bim-1 (7A) caused a 49 Ϯ 14% increase in the frequency of spontaneous contractions and a 76 Ϯ 9.4% decrease in the amplitude, which were both significantly different from control (*P Ͻ 0.05; n ϭ 6). In the presence of Bim-1 preincubation (B), PDBu caused a transient decrease in tone followed by a net recovery in amplitude over time to 123 Ϯ 9.9% and decrease in frequency to 87 Ϯ 9.3% of initial levels before PDBu, which were not different from control (P Ͼ 0.05, not significantly different from control; n ϭ 6). Note the persistence of significant spontaneous activity in the presence of Bim-1 in B, demonstrating the ability of Bim-1 to ultimately block PDBu-induced inhibition of spontaneous contractions.
n ϭ 6), both of which were significantly different from control in the absence of PDBu stimulation. The PDBu response after preincubation with IBTX ( Fig. 8C ) was 115 Ϯ 13.6% (P ϭ 0.061; n ϭ 6) for frequency and 84 Ϯ 11.7% (P ϭ 0.067; n ϭ 6), for amplitude, both of which were not significantly different from control in the absence of stimulation. These data suggest that BK channels may be a target for the regulation of DSM tone by PKC. Effect of the BK channel opener ISPA on Bim-1-enhanced spontaneous contractions. We have shown that Bim-1, a specific PKC inhibitor, can maintain the high amplitude spontaneous contractions in DSM over time compared with control in the absence of Bim-1 (Fig. 2) and that BK channels may be involved in the modulation of spontaneous contractions by PKC. Hence, we wanted to find out whether or not these contractions were reversible by the nonspecific BK opener ISPA. The muscle strips represented in Fig. 9 , A-C, were all initially preincubated with Bim-1 (14 nM). Figure 9A served as a control (no ISPA), while Fig. 9C was also pretreated with 1 M TTX for 1 h. Subsequently, Fig. 9 , B and C, was treated with 50 M ISPA (arrows). Figure 9D shows the summary data for the effect of ISPA on frequency and amplitude with and without TTX. In Fig. 9B , ISPA caused a significant increase in frequency to 154 Ϯ 22.2% and a decrease in amplitude to 43 Ϯ 7.9% of control (P Ͻ 0.05; n ϭ 6). In the presence of TTX in Fig. 9C , ISPA caused an increase in frequency to 144 Ϯ 20.7% and a decrease in amplitude to 57 Ϯ 8.9%, which was also significantly different from control (P Ͻ 0.05; n ϭ 6). There was no significant difference with and without TTX.
Effect of NS1619 on Bim-1 enhanced spontaneous contractions. We also evaluated the ability of NS1619, a selective BK channel opener, to reverse Bim-1 enhanced spontaneous contractions with and without TTX. The muscle strips in Fig. 10 , A-C, were all treated with Bim-1 (14 nM) initially. Figure 10A served as a control, and Fig. 10C was also treated with TTX (1 M) for 1 h. Subsequently, the muscle strips in Fig. 10 , B and C, were treated with 50 M NS1619 (arrows). In Fig. 10B without TTX, NS1619 caused a decline in the frequency of spontaneous contractions to 56 Ϯ 7.2% and a decrease in amplitude to 32 Ϯ 4.4% of control value. Both the decline in frequency and amplitude were significant compared with control (P Ͻ 0.05; n ϭ 7). In Fig. 10C , with TTX, NS1619 caused a decline in frequency to 72 Ϯ 8.2% and a decrease in amplitude to 29 Ϯ 3.6%, which were both significantly different from control (P Ͻ 0.05; n ϭ 7). There was no significant difference in frequency and amplitude with and without TTX.
DISCUSSION
Several reports indicate that the normal bladder smooth muscle is in a constant state of controlled contraction during the filling stage, when the bladder outlet is closed. These investigators believe that such low level contractions help maintain bladder shape and tone, providing a tonic platform that allows for rapid contraction, and emptying during micturition (4). PBOO is characterized by a loss of bladder control, in which the underlying smooth muscle is associated with an increase in the amplitude and frequency of spontaneous contractions and NVC. Clinically, these changes can manifest as an increase in urinary frequency, urge, and incontinence and are associated with a downregulation of PKC in animal models of obstruction (6). In spite of numerous studies on the physiology and pathophysiology of the bladder smooth muscle, the . D: summary data for the effect of PDBu on frequency and amplitude with and without IBTX. In B, PDBu resulted an increase in frequency to 148 Ϯ 21.4% (P Ͻ 0.05; n ϭ 6) and a decrease in amplitude to 25 Ϯ 3.9% (P Ͻ 0.05; n ϭ 6), both of which were significantly different (*) from control (A). In C, the PDBu response after preincubation with IBTX was 115 Ϯ 13.6% (P ϭ 0.061; n ϭ 6) for frequency and 84 Ϯ 11.7% (P ϭ 0.067; n ϭ 6) for amplitude, both of which were not significantly different from control (A).
regulation and underlying mechanism of these contractions remain elusive. In the present study, we evaluated the role of pharmacologic inhibition of PKC by the specific PKC inhibitor Bim-1 in normal bladders, to see if the changes that occur mimics that seen in PBOO, where PKC is downregulated and associated with a significant increase in spontaneous contractile activity (5) . We demonstrated that inhibition of PKC by Bim-1 maintains the amplitude of spontaneous contractions, in isolated muscle strips from normal bladders, at a significantly higher level than untreated controls, where the amplitude declined significantly ( Fig. 2 ; Table. 1), and significantly shortens the period of inhibition by PDBu of spontaneous contractions (Fig. 7 ). We also demonstrate that Bim-1 caused a loss of force maintenance in response to EFS-induced nerve stimulation, as determined by integrating the area under the time force curve (integral force; Fig. 4 ) and that activation of PKC by the specific PKC activator PDBu can suppress spontaneous contractions. The ability of the bladder to empty requires the generation of force of sufficient magnitude and the maintenance of that force long enough to facilitate complete bladder emptying. A failure to maintain force due to pharmacologic inhibition of PKC in vitro, as demonstrated in Fig. 4 , may reflect PKC dysfunction in vivo associated with PBOO, which could contribute to a failure to empty or incomplete bladder emptying. The downregulation of PKC expression and activity in PBOO bladder (6) smooth muscle, as we have previously shown, is associated with incomplete bladder emptying and a significant increase in spontaneous contractile activity in isolated muscle strips from these bladders. Correspondingly, our present studies show, for the first time, that activation of PKC, at relatively low concentration, in normal DSM strips by the specific PKC activator PDBu suppressed spontaneous contractions in vitro. These studies suggest that PKC dysfunction, due to pathological changes in PBOO and supported by pharmacological inhibition of PKC in normal DSM strips, contributes to detrusor overactivity.
Pharmacologic inhibition of PKC by Bim-1 in normal DSM strips mimics the PKC deficient, hyperactive state of the PBOO bladder and strongly favors a role for PKC in the regulation of spontaneous contractions in DSM. The mechanism by which PKC can promote spontaneous activity is not entirely clear. Our data show that inhibition of PKC by Bim-1 can promote spontaneous activity and activation of PKC by PDBu can suppress spontaneous contractions. Our data also show that the specific BK channel inhibitor IBTX can prevent PDBu-induced inhibition of spontaneous contractions (Fig. 8) . This suggests that BK channels may be involved in PKC signaling with regard to the inhibition of spontaneous contractions and that PKC may actually activate BK channels in DSM as reported in other tissues (29) . Hence, inhibition of PKC by Bim-1 may be responsible for reducing the inhibitory regulation of BK channels on spontaneous contractions thus resulting in a prolonged period of spontaneous contractions as seen in our studies. Both the stimulatory effect by Bim-1 inhibition and the inhibitory effect of PKC activation by PDBu on spontaneous activity are . In B, isopimaric acid caused a significant increase in frequency to 154 Ϯ 22.2% and a decrease in amplitude to 43 Ϯ 7.9% of the control (P Ͻ 0.05; n ϭ 6). In the presence of TTX (C), ISPA acid caused an increase in frequency to 144 Ϯ 20.7% and a decrease in amplitude to 57 Ϯ 8.9%, which was also significantly different from control (*P Ͻ 0.05, significantly different from control; n ϭ 6). There was no significant difference in frequency and amplitude with TTX (C) and without TTX (B).
novel findings, and to our knowledge, have not been reported before in DSM. Our studies also demonstrate that PKC displays a biphasic activation profile in the DSM, inhibiting spontaneous contractions at low concentrations and generating increased force at higher concentrations (Fig. 5) . The ability of PKC to modulate DSM tone and sensitivity by regulating the frequency and amplitude of spontaneous contractions could play an important role in the storage function of the bladder, since uncontrolled spontaneous activity, due to PKC dysfunction, would be counterproductive to bladder storage. The ability of PKC, on the other hand, to generate force at high levels of activation may be important physiologically as the bladder increases in volume by providing a countervailing and stabilizing force (increased wall tension) in response to the increasing mass as the bladder increases in volume. It is also worth noting that this concentration-dependent separation between high and low PKC functions may be important physiologically, since it would allow for the regulation of spontaneous activity without significantly affecting DSM tone during the storage phase of the micturition cycle. The precise mechanism of how the bladder would transition from low to high PKC activity during storage, filling, and emptying remains to be determined.
One possibility is the progressive activation of a stretchsensitive calcium-dependent PKC, such as PKC-␣, as the bladder increases in volume. Studies show that PKC-␣, a calcium-dependent PKC, is present within the DSM (6) and that stretch can result in the release calcium from individual myocytes (12) . This line of reasoning would suggest that during the early storage phase when stretch is low calcium release would be low and thus PKC activity. However, as the bladder increases in volume and stretch increases, this would result in greater release of calcium and higher levels of activation of PKC leading to an increase in wall tension as the bladder approaches capacity. It is also possible that PKC activity itself does not change significantly. Under this scenario wall tension is multiplied at constant PKC activity as the muscle fibers increase in length, and as they approach L 0 (optimal length), in response to bladder filling. Interestingly, inhibition of PKC in the in vitro whole bladder and urethra model significantly reduces bladder emptying (unpublished observation).
Other reports also indicate that PKC regulates the sensitivity of smooth muscle activation and contractility (2, 3, 22) . One such study reports that PKCε can regulate contractile function in airway smooth muscle by regulating the release of calcium sparks from the sarcoplasmic reticulum. The authors report that inhibition and deletion of the PKCε gene expression resulted in higher levels of force, while activation by phorbol 12-myristate 13-acetate, a PKC activator, produced less force (18) . Furthermore, studies suggest that PKC can regulate the sensitivity of smooth muscle by modulating the coupling strength between calcium and BK channels and also by phosphorylating the BK channels (3, 27, 28) . Our own studies indicate that the PKC activator PDBu at relatively low concentrations is a potent inhibitor of spontaneous contractions in DSM strips (Figs. 5, 6 , and 7) and that the mechanism of action may involve activation of BK-channels by PKC resulting in an increase in the BKchannel current density and hyperpolarization of the cell membrane.
Our data also suggest that PKC may be constitutively active in DSM. This activity may play an important role during the storage phase of the micturition cycle by modulating the sensitivity of the DSM thus suppressing excessive spontaneous . In B, without TTX, NS1619 caused a decline in the frequency of spontaneous contractions to 56 Ϯ 7.2% and a decrease in amplitude to 32 Ϯ 4.4% of control value (A). Both the decline in frequency and amplitude were significant compared with control (P Ͻ 0.05; n ϭ 7). In C, with TTX, NS1619 caused a decline in frequency to 72 Ϯ 8.2% and a decrease in amplitude to 29 Ϯ 3.6%, which were both significantly different from control (P Ͻ 0.05; n ϭ 7). There was no significant difference in frequency and amplitude between without TTX (B) and with TTX (C). *Significantly different from control.
and NVC. This is indicated by the fact that pharmacological inhibition of PKC caused a prolonged high amplitude of spontaneous contractions in vitro compared with control (as shown in Fig. 2 ). This may be due to the fact that PKC dysfunction reduces the threshold for activation (high sensitivity) of the DSM by local calcium signals that are not normally sufficient to augment contraction. Indeed, studies in the rabbit bladder by Su et al. (24) report that PBOO bladder muscle strips display an elevated sensitivity to carbachol and KCl. These findings may also help to clarify the relationship between PKC dysfunction associated with PBOO, as has been reported, and spontaneous and nonvoiding contractions in these bladders. Other studies report a similar correlation between PKC expression and spontaneous oscillations in other smooth muscle as well (19) . Next, we addressed the possible mechanism by which PKC can regulate spontaneous and NVC in DSM. Our studies demonstrate that the PKC activator PDBu can inhibit spontaneous contractions and the PKC inhibitor Bim-1 can increase the duration of high amplitude spontaneous contractions in isolated muscle strips from normal bladders. Our data also show that the specific BK-channel inhibitor IBTX can block PDBu-induced inhibition of spontaneous contractions (Fig. 8) . Interestingly, spontaneous contractions enhanced by Bim-1 (PKC inhibitor) were significantly reduced by the BK channel openers ISPA and NS1619 (Figs. 9 and 10 ). This suggests a common mechanism of action for inhibition of these contractions, possibly, through activation of BK-channels, since both NS1619 and ISPA have been shown to increase the open probability of BK channels (8) . The ability of IBTX, a specific BK inhibitor, to prevent PDBu-induced inhibition of spontaneous contractions gives further credence to the idea that BK channels are involved in PKC signaling in DSM.
In conclusion, our data reveal that PKC may play an important role during the storage phase of the micturition cycle by helping to maintain the DSM in a quiescent state, thus mitigating against uncontrolled spontaneous and NVC. Indirect evidence suggests that this may be accomplished through its ability to activate BK channels and increase the BK-channel current, thus increasing the threshold for activation (low sensitivity) of the DSM during storage. Our data also suggest that PKC may play a role in bladder emptying by helping to maintain force at a high level, which is required for complete bladder emptying. Thus PKC may play a critical role in integrating overall bladder function by helping to harmonize the filling, storage and emptying phases of the micturition cycle.
